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The in vivo injection of antigen stimulates the proliferation of lymphoid cells 
and the appearance of specific antibody-producing cells  (1-3), this cellular re- 
action being more marked during secondary responses than after primary im- 
munization. 
Antibody production in vitro has been described by many investigators and 
has been well reviewed (4, 5), but direct correlation between cellular prolifera- 
tion and the appearance of cells producing specific antibody is lacking, although 
studies of in vivo situations have been reported  1 (6, 7) indicating that antibody- 
producing  cells  arose  from  DNA-synthesizing  cells  in  response  to  antigen. 
The present experiments investigated the relationship between DNA synthe- 
sis and the production of antibodies to sheep erythrocytes (SRC's) in vitro by 
single cells from the spleens of rabbits killed after a boost injection of antigen 2 
days previously. It was shown that the rate of DNA synthesis, as measured by 
the incorporation of radioactive thymidine, was stimulated in spleen cell sus- 
pensions from such rabbits by the presence of SRC's (8). 
The results of the studies reported here indicate that the major proportion of 
antibody-producing cells  in these cell suspensions arose from  the  DNA-syn- 
thesizing population which was stimulated to divide by the presence of antigen, 
but that only a very small proportion of these proliferating cells was occupied 
in the production of specific hemolytic antibodies. 
Materials  and Methods 
A,imals.--New Zealand  white rabbits weighing  at least 2 kg were obtained from Purdey's 
Farm, Rochford,  Essex, England. 
Antigen.--Sheep erythrocytes (SRC's) were supplied in Alsever solution by Burroughs 
Wellcome and Co., London, England. 
Radioactive-Labeled Materials.--Thynfxdine-~C at  30.4 mc/m~  and  thymidine-SH at 
2-16 c/n~ were obtained from the Radiochemical  Centre, Amersham,  England. 
x  Jerne, N., A. Nordin, C. Henry, H. Funi, and A. Kim. 1965. The agar plaque technique. 
The target of the antigen and clonal section. IEG communication. 
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Preparation and Culture of Spleen Cdl Suspensions from Immunized Rabbits.--The methods 
of immunization of rabbits, preparations of spleen cell suspensions, and culture of these ceils 
have been described in detail (8). For the estimation of thymidine-aH incorporation by cells, 
triplicate cultures were harvested, after incubation for varying periods of time in medium 
containing the radioactive thymidine, by washing two times in ice-cold saline, precipitating 
the washed eeUs in 5% trichloroacetic acid  (TCA)  two times, and washing the precipitates 
two times in ice-cold, absolute methanol. After dissolving the colorless precipitates in 0.3 ml 
hyamine hydroxide  (Nuclear Enterprises,  Sighthill, Edinburgh,  Scotland)  at  60°C  for  30 
rain, they were added to a  standard scintillation fluid for counting in a  Packard Tri-Carb 
scintillation counter. The values reported represent the means of triplicate cultures which 
did not vary by more than 20%. 
TABLE I 
Correlation between Stimulation of the Rate of DNA Synthesis and Antibody Formation In Vitro 
PFC's/106 spleen ceils, 
Rate of DNA synthesis 
(thymidlne uptake) 
SRC/culture  Days in culture 
0  3  24-48 hr 
0 
5 X  104 
5 X  10~ 
5X  106 
!  2 
1,660  420 
1,580  430 
3,110  410 
6,950  1310 
79 
115 
140 
759 
12,600 
12,600 
12,000 
12,600 
c~,n/culture 
4,693 
9,640 
18,586 
47,319 
Spleen cell suspensions from a rabbit immunized to SRC's were incubated in varying con- 
centrations of antigen and the number of PFC's estimated for 3 days of culture. The PFC's/10  e 
spleen cells were based on the number of cells initially set up in the cultures (10~). For the 
estimation of thymidine uptake, 2 #c/culture of thymidine-3H at 300 mc/m~ were added to 
triplicate cultures during 24-48 hr of incubation. 
Estimation  of Antibody-Producing  Cells (PFC's).--This  was  carried  out  as  described 
previously (8). Agarose (L'Industrie Biologique Fran~aise S.A., Gennevilliers, Seine, France) 
was used in all experiments as this material gave a reasonably constant plating efficiency from 
experiment to experiment. Plates were prepared in duplicate and incubated in a  5% CO 2 
atmosphere in moist conditions at 37°C. The absence of CO 2 did not significantly reduce 
plating efficiency in our hands but 5% CO 2 in oxygen reduced the numbers of PFC's by 
more than 90%.  For development of plaques, complement was supplied as preserved guinea 
pig serum  (Burroughs Wellcome and Co.)  and was diluted 1 in  7 with distilled water. The 
diluted reagent was added in 2 ml volumes/plate for 30 rain at 37°C, and the plates were kept 
overnight at 4°C  before counting the plaques. The proportion of PFC's was based on the 
number of spleen cells initially set up in culture. 
Radioautography.--Radioautographs  of  smears  were  prepared  as  described  before  (8). 
The preparation of radioautographs of PFC's was carried out in the following way since, of 
the various techniques employed, it gave reproducible plating efficiency comparable with the 
plating method used simply to count the numbers of PFC's. 
Bases of 1.4% agarose in phosphate-buffered saline (PBS) were prepared in 4 inch plastic 
Petri dishes  (Sterilin Ltd.,  Richmond,  Surrey,  England). As soon as they were solid, four 
alcohol-cleaned 22 X  22 ram, thin, square glass cover slips were gently pressed onto the bases. GILx~OUR HARMS  663 
2 ml of spleen cell suspensions  in 0.7% agarose in Eagle's minimal essential medium, without 
any serum and containing  1% SRC's,  was poured in the usual way, allowed to solidify at 
room temperature, and then treated as described for the estimation of PFC's. The number of 
spleen cells plated depended on the proportion of PFC's present. When antibody-producing 
activity was low, at least 107 spleen cells were required to provide adequate numbers of PFC's 
for counting. As long as cell clumps were not present, it was usually easy to recognize the 
central, active cell in a hemolytic plaque (Fig. la). 
The plates were fixed for 24 hr in 10% formol-saline at 4°C within a few hours of developing 
the plaques with complement and then washed in several changes of saline over a 4-8 hr period. 
The cover slips were then cut out and the agarose, containing the PFC's, was allowed to 
dry at room temperature,  then mounted onto clean glass slides, and  radioautographs  pre- 
pared in the usual way (8). The latter were routinely developed and stained in Giemsa stain 
after 3 wk exposure at 4°C. To estimate the proportion of labeled cells, 100 PFC's were counted 
TABLE II 
Effect of Thymidine-al~ on Cell Proliferation In Vitro 
Thymidine-SH (0-1 hr)  Per cent labeled cells 
#c/culture  Specific activity  1 hr  24 hr  48 hr 
4  12 c/raM  9.5  9.5  5.0 
10  12 c/mE  10.6  9.2  6.0 
4  300 mc/m~  8.0  16.0  17.5 
Spleen cell suspensions from a rabbit immunized to SRC's and killed 2 days after a boost 
of antigen were incubated in thymidine-SH as indicated for 1 hr. Radioautographs were pre- 
pared immediately or cells were incubated, after washing 2 times in medium, in the presence 
of SRC's (5 X  106/cnlture) and 30/~g cold thymidine. Radioautographs were prepared at 24 
and 48 Jar and the preparation of labeled cells estimated by counting the number of labeled 
cells in 1000 consecutive cells in each smear. Previous experiments (7) have shown that this 
increase of prelabeled cells was dependent on the presence of the specific antigen. 
if possible; however, with preparations from cell suspensions  cultured for several days, where 
the number of PFC's had fallen to low levels, only 50 PFC's could be counted. This was the 
minimum number examined in the results shown unless otherwise stated. 
With  this  technique,  tritium  (~rI)-labeled materials  gave much  lower labeling  indices 
than  uC-labeled substances incorporated into the cells.  This was due to the short average 
track length of 8H emissions which would tend to be absorbed in the agarose. For this and 
other reasons to be discussed later, 14C-labeled thymidine was used in the experiments reported 
here and was found  to be completely satisfactory for the estimation of the  proportion  of 
labeled PFC's (Fig. 1 b). For flash-labeling of PFC's, the spleen cells were either preincubated 
in fully supplemented  medium containing thymidineu-C for 50 rain before plating,  or the 
radioactive thymidine was  added  during  the plating  procedure.  Many  observations  have 
indicated that the latter method gave a higher labeling index of PFC's than  preincubation of 
cells. 
]RESULTS 
Corrdation between Maintenance of PFC's and Stimulation of the Incorporation 
of Thymidine.--Previous  studies  (8,  9)  have  shown  that  the  incorporation  of 664  ANTIBODY  PRODUCTION  IN  VITRO.  I 
thymidine by spleen cell suspension,  from immunized rabbits, was stimulated by 
the presence of specific antigen in vitro. This was most marked during the 24- 
48 hr period of incubation after adding antigen initially. 
The results of the experiment shown in Table I indicate that the stimulation 
of thymidine incorporation during 24-48 hr of culture was dependent on the 
TABLE  HI A 
Tke Effects of Thyraidine-~H on Antibody Formation In Vitro 
Thymidine-JH (0-2  hr) 
4 ~c/culture 
Specific activity 
0 
0 
30 me/raM 
300 mc/n~ 
3 c/m~ 
12 c/m~ 
~g/culture 
0.0 
30.0 
32,0 
3,2 
0.32 
0.08 
Rate ofDNAsynthesis 
(uptake of thymidine-JH) 
cpra/culture 
919 
10,415 
73,688 
332,639 
PFC's/10s  spleen cells 
At 24 hr  At 72 hr 
1595  125 
1690  135 
1500  69 
1250  65 
1200  26 
380  20 
Spleen cell suspensions from a  rabbit killed 2 days after boosting with SRC's were incu- 
bated for 2 hr  immediately after isolation in 4/~c/culture of thymidine-SH at varying specific 
activity, in nonradioactive thymidine at 30 #g/culture, or in medium alone. The cells were 
washed three times in Eagle's medium and  then incubated for a  further 72 hr.  SRC's at 
5 X  10e/ml were added to the cultures and the cells preincubated in nonradioactive thymidine 
were further incubated in the same concentration of thymidine. The uptake of thymidine-~H 
was measured during 0-2 hr of culture in triplicate cultures exposed to this radioactive pre- 
cursor of DNA synthesis at the different specific activities, and PFC's were assayed at 24 
and 72 hr. 
TABLE  HI B 
The Effevts of Thymldine-tH on Antibody Formation In Vitro 
Thymldlue-ZH (0-24 hr) 
4 ~c/culture 
Specific activity 
0 
0 
30 me/m~ 
300 mc/m~ 
3 e/am 
12 c/m~ 
~g/culture 
0 
30.0 
32.0 
3.2 
0.32 
0.08 
Rate of DNA synthesis 
(uptake of thymidlne-~H) 
cpm/¢~re 
20,585 
79,319 
153,924 
346,167 
PFC's/106 spleen cells at 24 hr 
1,250 
1,305 
1,590 
1,282 
586 
297 
This experiment was carried out as that in Table IIIA. No washing of cells was required 
since the incorporation of thymidine-3H and numbers of PFC's were counted at 24 hr immedi- 
ately at the end of the thymidine-SH pulse. SRC's at 5 X  106/ml were added initially to the 
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antigen  concentration,  and this was also true for the numbers of PFC's esti- 
mated daily for 3 days of culture. 
The Effect of Thymidine-SH on Rabbit Spleen Cells in Vitro.--Table II shows 
the results of an experiment to demonstrate that preincubation of spleen cells 
TABLE III C 
The Effects of Thymidine-SH on Antibody Formation In Vitro 
Thymidine-SH (0-48 hr) 
4 pc/culture 
Specific activity 
0 
0 
30 mc/mM 
300  mc/mM 
3 c/n~ 
12 c/m~ 
~g/culture 
0 
30.0 
32.0 
3.2 
0.32 
0.08 
Rate of DNA synthesis 
(uptake of thymidine-SH) 
spml6ulture 
15,534 
126,452 
185,029 
413,734 
PFC's/106 spleen  cells  at 48 hr 
1,270 
710 
134 
112 
92 
65 
This experiment was carded out identically as that in Table III B except that time of the 
pulse of thymidine-SH was 48 hr. 
TABLE III D 
The Effects of Thymidine-SH on Antibody Formation In Vitro 
Thymidlne-SH (24-48 hr) 
4/~c/culture 
Specific activity 
0 
0 
30 me/raM 
300  mc/n~ 
3  cln~ 
12 c/m~ 
~g/culture 
0 
30.0 
32.0 
0.32 
0.032 
0.08 
Rate of DNA synthesis 
(uptake of thy mldine-SH) 
sp,n/culturs 
10,287 
49,525 
69,266 
174,675 
PFC's/10  6 spleen cells at 48 hr 
1,270 
710 
64O 
530 
230 
260 
This experiment was identical with that shown in Table III C except that the thymidine-SH 
was added during 24-48 hr of culture. 
from a  rabbit,  killed  after  a  boost of SRC's 2 days before, with high specific 
activity  thymidine-SH  for  1  hr,  resulted  in  inhibition  of cell  division  of the 
labeled cells in response to antigen in vitro. Proliferation of cells in the presence 
of antigen was clearly seen when cells were incubated for 1 hr with thymidine- 
SH at a much lower specific activity. The number of cells labeled after 1 hr ex- 
posure to thymidine-3H was very similar with both specific activities used, but 
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intensely labeled. In addition to a failure of the labeled cells to divide after ex- 
posure of high specific activity thymidine-*H, there  was  also evidence of in- 
creased cell damage and death as indicated by a fall in the proportion of labeled 
cells by 48 hr as well as evidence of morphologic damage to many labeled cells 
at 24  and 48 hr compared to cells exposed to the thymidine-SH at the much 
lower specific activity. 
The effect of thymidine-3H on PFC's in vitro has been explored and results 
axe shown in Tables III A, B, C, D. When spleen cells from a  boosted rabbit 
were exposed to thymidine-SH for 1 hr only in vitro, immediately after killing 
the animal (Table HI A), inhibition of PFC's at 24 hr was seen only with very 
high specific activity thymidine-3H. When PFC's were estimated at 72 hr after 
TABLE IV 
The Effect of Thymidine-*tt Continuously  Present  on PFC's In  Vitro 
Thymidine-SH 
(SA 12 e/m~)* 
~c/culture 
0 
2 
4 
10 
Day 1 
Control 
5020 
2830 
2240 
2360 
SRC 
5120 
2680 
2106 
2560 
PFC's/IO  6 spleen cells 
Day 2 
Control  SRC 
2580  4680 
810  1610 
1100  860 
410  400 
Day 3 
Control 
150 
390 
280 
SRC 
650 
22O 
* SA, specific  activity. 
Spleen cells from a rabbit immunized to SRC's were incubated in the presence (SRC) or 
absence  (controls) of antigen  in  varying concentrations of thymidine-3H added initially. 
PFC's were estimated daily for 3 days of culture. 
the  1 hr exposure to thymidine-3H there was some inhibition  even with very 
low specific activity material which had  been removed from the medium by 
washing the cells after 1 hr (Table IIIA). The results of Tables III B  and III C 
show that exposure of similar spleen cells to thymidine-SH for 24 and 48 hr, re- 
spectively, was also inhibitory to PFC's. The degree of inhibition was propor- 
tional to the specific activity of the thymidine-3H and the  amount  of  radio- 
activity incorporated into the cells.  Low specific activity thymidine-SH had no 
apparent effect at 24 hr but definite inhibition was noted at 48 hr. However, this 
long term in vitro effect of thymidine-3H of low specific activity was not entirely 
due  to radiation  as,  in this  and  other experiments, nonradioactive thymidine 
produced some inhibition of PFC's at this time when added in the same concen- 
tration. 
Table III D  indicates  that  exposure of rabbit spleen cells to thymidine-SH 
during the  24-48  hr period of culture,  when the maximum differences of  in- O1X~O~R HARRIS  667 
corporation of thymidine between cultures incubated in medium alone or in the 
presence of antigen were seen, resulted in inhibition of PFC's by thymidine-3H 
of high specific activity. Again the effects of thymidine-3H at the lowest specific 
activity used could have been related to the presence of thymidine alone. In 
other experiments, not reported here, thymidine at concentrations of less than 
0.5 ~g/culture had no effect on PFC's in vitro. It was concluded that inhibition 
by low specific activity thymidine was due to thymidine in this concentration 
in the culture medium, in addition to radiation effects due to incorporated vii. 
The results in Table IV compare the effects of high specific activity thymi- 
dine-*H on spleen cell suspensions from an immunized rabbit cultured in the 
presence or absence of SRC's. There was complete inhibition of the effect of 
TABLE V 
The Proportion of PFC's Labeled with Thymidine-~4C  In Vitro 
Day 
Control 
PFC/10  e spleen 
cells 
2350 
410 
95 
63 
Labeled PFC's 
% 
52 
69 
57 
64 
SRC 
PFC/10 6 spleen 
cells 
2350 
1038 
200 
246 
Labeled PFC's 
% 
52 
55 
58 
93 
Spleen cells  from a rabbit killed after boosting  with SRC's were  incubated in thymidine-14C, 
0.2/zc/culture, for 1 hr, washed three times in Eagle's medium, and then incubated in the 
presence (SRC) or absence (control) of antigen. Radioantographs of the PFC's were prepared 
and their numbers estimated daily. 
SRC's in enhancing the numbers d  PFC's above the levels found in control 
cultures incubated without antigen, this being best seen on days 2 and 3. In 
addition, there was inhibition of PFC's by thymidine-3H in control as well as 
in SRC-sfimulated cultures at all times. 
Estimation of the Proportion of DNA-Synthesizing PFC's.--The results of a 
typical experiment are shown in Table V. When spleen cells from a rabbit killed 
after a  boost of SRC's were pulsed with thymidine-l*C for 1 hr immediately 
after isolation in suspension culture, the proportion of labeled PFC's showed a 
tendency to increase with time despite a considerable fall in numbers of PFC's. 
This increase in the proportion of labeled PFC's was always found to be more 
marked in the cultures incubated with SRC's than in control cultures in medium 
alone. 
When spleen cells from immunized rabbits were exposed for varying periods 
of time to thymidine-X4C  during 4  days of culture, the proportion of labeled 
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difference between cells incubated  in the presence  and  absence of antigen was 
seen  during  24-48  hr  of  culture,  and  labeling  of  all  ceils with  thymidine-14C 
fell to extremely low levels after 48 hr of culture. When the proportion of DNA- 
TABLE VI 
DNA-Synth~ingPFC'sin  Culture 
PFC's labeled  PFC's as per cent of total  Total labeled cells 
labeled cells 
14C-thymldine pulse 
h~ 
24-48 
48-72 
72-96* 
Control  SRC 
%  % 
52  52 
80  91 
25  43 
16  10 
0  3 
Control  SRC 
2.4  2.4 
0.4  0.55 
0.12  0.12 
0.11  0.33 
Control  SRC 
%  % 
5  5 
8.5  17.5 
2.0  8.0 
0.9  0.6 
1/looo  1/lOOO 
Spleen cells suspensions from a rabbit immunized to SRC's were incubated in thymidine- 
14C, 0.2 gc/ml, in the presence or absence of SRC's as indicated. The number of PFC's were 
estimated as were the proportion of labeled PFC's. The proportion of total cells labeled with 
thymidine-*H were also counted from radioantographs of smears of similar cultures incubated 
with thymidine-*H, 300 me/win, 2 gc/culture for the same periods of time. 
* The number of PFC available for counting were extremely low in preparations from cul- 
tures during this period. 
TABLE VII 
DNA-Synthesizing  PFC's in Culture 
14  C-thymidine  pulse 
]$r 
0-1 
0-24 
O-48 
0-72 
0-96 
PFC's labeled 
Controls  SRC 
%  % 
52  52 
80  91 
81  87 
90  92 
91  88 
Total labeled ceils 
Controls  SRC 
%  % 
2.4  2.4 
0.4  0.55 
0.09  0.1 
0.06  O. 13 
0.02  0.04 
Spleen cell suspensions  from the same rabbit used in the experiment shown in Table VI 
were incubated in thymidineJ4C for varying periods between 0 and 96 hr of culture. The pro- 
portion of labeled PFC's was estimated and the per cent of total labeled cells which were also 
antibody-producers was calculated as in Table VI. 
synthesizing  cells which  were PFC's  was calculated,  antibody-producing  cells 
were found to account for only a very small number of all the cells incorporating 
radioactive  thymidine at  all times. 
Table VII shows the result of incubating  ceils in  thymidine-14C  continuously G~MOm~ ~nm~S  669 
for varying periods between 0 and 96 hr of culture. By 24 hr, the proportion 
of labeled PFC's had reached the highest level which was maintained through- 
out the period of the experiment.  A small proportion of unlabeled PFC's was 
always present.  It should be remembered  that in these experiments  even low 
specific activity radioactive thymidine can produce  some inhibition of PFC's 
after 48 hr incubation; therefore,  the proportion of unlabeled PFC's was not 
likely to be as high as the results of this experiment would indicate, since some 
cells incorporating thymidine-14C  would not be scored as PFC's. 
DISCUSSION 
The rate of DNA synthesis and an increase in the number of specific antibody- 
producing  cells (PFC's) were stimulated by SRC's in spleen cell  suspensions 
from rabbits immunized to SRC's and killed after a boost of antigen 2 days be- 
fore. In the typical experiment  reported here, there was a good correlation be- 
tween the stimulation of thymidine incorporation during 2448 hr of culture 
and the maintenance of PFC's over several days. 
Previous experiments (8) have shown that cells stimulated to proliferation by 
in vivo injection of antigen responded  to the same antigen in culture by in- 
creased  division  compared  to  similar  cells incubated without antigen.  The 
studies using high specific activity thymidine-3H indicate that exposure of such 
cells for only I hr initially to the radioactive material resulted in significant in- 
hibition of PFC's.  Thymidine-SH  at lower  specific activities took longer  to 
inhibit the PFC's. This inhibitory effect could be correlatedwith the amount of 
radioactivity  incorporated by the cells. Since 3H decays by the emission of weak 
particles with a short average path, the radiation effects of thymidine-3H would 
be confined to the cells incorporating the radioactive material into their nu- 
clear DNA. Even when thymidine-3H was not removed from the cultures,  the 
dose of radiation delivered to the cells by thymidine-SH in solution would not 
affect antibody synthesis, as was previously reported (10). A recent report (11) 
has shown that very high doses (10,000 rads) of ionizing irradiation delivered to 
cells had no observable effect on their ability to synthesize antibody. 
The experiments  reported here show that radioactive thymidine can inhibit 
cell division after its incorporation into nuclear DNA, and this was considered 
to be due to intracellular irradiation of the cell nuclei by the incorporated 8H 
since this was related to the amount of radioactivity taken up as evidenced by 
grain counts  (personal  observations).  There  are  many reports  of  radiation 
damage to cells incorporating ~  and the subject has been well reviewed (12). 
While thymidine-q{ at lower specific activity did not inhibit division  of cells 
which had incorporated this radioactive precursor,  there were effects on the 
survival of antibody-producing cells with significant  inhibition of hemolytic 
plaque-forming  ability after 48 hr exposure to the radioactive  material. The 
inhibitory effect of thymidine-3H on the numbers of PFC's was found to be 670  ANTIBODY PRODUCTION IN VITRO. I 
proportional to the radioactive uptake by the cells, and it could therefore  be 
concluded that a high proportion of the PFC's arose from the proliferating pop- 
ulation on the basis that only these latter cell~ would incorporate significant 
amounts of thymidine-SH. The presence of high specific activity thymidine-3H 
completely prevented the in vitro response to antigen, which is normally mani- 
fested by the maintenance of PFC's above the levels found in cultures incubated 
without antigen, as well as inhibiting PFC's in such control cultures.  It was 
concluded  from these  results  that the majority of PFC's in the experiments 
arose from the population proliferating  in vitro, and attempts were made to 
estimate  directly the proportion of DNA-synthesizing cells which became PFC's. 
Radioautography of PFC's showed that the majority of such cells became 
labeled with thymidine-14C  during the first 24 hr of culture but that they ac- 
counted for only a small proportion of all the DNA-synthesizing  cells in these 
cultures. While it could be argued that the in vitro conditions were not optimal 
for the processes  of differentiation leading  to the development of antibody- 
producing capacity, similar results have been found using the spleens of intact 
mice responding to SRC's (personal observations). 
The proportion of PFC's which were labeled during an initial, 1 hr exposure 
of spleen cells to thymidine-14C,  immediately after their isolation from rabbits, 
increased with time in vitro. When PFC's were exposed to thymidine-"C for 
24 hr in vitro, the majority of antibody-producing cells became labeled. The 
optimal time of incubation of plates to estimate the numbers of PFC's in these 
experiments  was about 1 hr. Since it is not known how long an individual cell 
can continue to produce antibody under these conditions,  the actual number 
of PFC's estimated at 24 hr could be a minimum or a maximum figure. If it is 
assumed that the time of incubation of plates only assayed the PFC's able to 
produce hemolysins during that particular time and that plating efficiency re- 
mained constant, a maximum estimate would he 24 times the actual figures 
quoted in the results. As shown in Table VI, 0.55 % of all the cells labeling with 
thymidine-~*C, aftr 24 hr incubation with  SRC's, were PFC's at  this time. 
Therefore the maximum number of PFC's at 24 hr of culture would account only 
for 0.55 X  24 =  13.2 % of all the ceUs labeled with thymidine-l*C at this time. 
Another source of error in the estimation of PFC's would be failure to demon- 
strate the presence of antibody-producing cells releasing specific hemolysins of 
low efficiency. Several studies (13, 14) have indicated that such PFC's can be 
demonstrated using specific anti-globulin  serum.  Using  sheep  anti-rabbit 7- 
globulin and rabbit anti-allotype sera (personal observations),  the majority of 
antibody-producing cells in these cultures were found to produce specific hemo- 
lytic antibody of high efficiency and were demonstrated directly with comple- 
ment without any increase in their numbers after exposure to these antisera. 
These results indicate that only  a small proportion of cells stimulated into pro- Grr.MoUR HAR~S  671 
liferative  activity by antigen  actually produced specific  antibody in  this  in 
vitro stiuation.  While early cell death of potential antibody-synthesizing cells 
was a possibility to be considered,  it would appear unlikely that so many  of 
these cells would fail to survive in view of the good maintenance of proliferative 
activity during the first 2 days of culture.  In addition,  stimulation of an in- 
crease by antigen, above the levels of PFC's in control cultures not exposed to 
antigen in vitro, was maintained for several days in vitro (8), although experi- 
ments (to be published) employing metabolic inhibitors, indicate that hemolytic 
plaque-forming ability was dependent on the normal processes of protein syn- 
thesis only during the initial period of culture. Attempts to improve the cultural 
conditions for such experiments are therefore necessary. 
Antigen could act in two different ways in these experiments. Although in the 
spleen cell suspensions used here,  antigen injected in vivo had  already stimu- 
lated cells into DNA synthesis, the action of antigen in vitro has been shown 
(8)  to stimulate further  cell division,  as well  as antibody production  by in- 
dividual cells. It could therefore be concluded that antigen provided a general 
stimulus for growth to a  responsive population of cells. In addition,  antigen 
might have a second role to induce active synthesis of specific antibodies by a 
small proportion of this dividing population of cells as with the regulation of 
enzyme synthesis by inducers in bacteria  (15).  It has been shown  (16)  that 
DNA synthesis and mitosis were necessary during hormone-dependent differ- 
entiation of the capacity of rat mammary gland epithelium to synthesize casein 
in vitro.  This  would appear  analogous to the  antibody-response mechanism 
postulated here. The question of what determines the capacity of cells to re- 
spond to one particular antigen must of course remain unanswered at present, 
but specific antibody-forming cells could arise in a nonspecific, random manner 
or could represent a small population of precommitted target  cells.  ~ 
SUMMARY 
The effect of high specific activity thymidine-aH on proliferation and antibody 
production, using the hemolytic plaque-forming technique, by spleen cell sus- 
pensions in vitro from rabbits killed  after a boost of SRC's has been studied. 
High specific activity thymidine-3H inhibited the proliferative at  well as the 
antibody response to antigen, and it was concluded that this was the result of 
the incorporation of radioactive 3H into the nuclei of dividing cells which were 
synthesizing antibody in these cultures. 
The stimulation of the rate of DNA synthesis by specific antigen could be 
correlated  with  the  ability  of  antigen  to maintain  antibody production,  as 
measured  by the  specific  hemolytic  placlue-forming  technique,  above levels 
found in control cultures, incubated without antigen. 
Radioautographic studies of PFC's in vitro showed that the majority of the 672  ANTIBODY PRODUCTION  IN VITRO. I 
cells  arose  from  the  DNA-synthesizing population  of  cells  in  these  cultures, 
confirming  the  conclusions from the  results  of  the  inhibitory  effects  of high 
specific-activity thymidine-SH on PFC's. It was found that these PFC's, label- 
ing with thymidine-14C, formed only a small proportion of all the cells labeled in 
this way in these cultures. The postulation was made that antigen, in vitro, pro- 
vided a  stimulation for cell proliferation in the responsive population of rabbit 
spleen  cells,  but  that  only a  small proportion  of this population  could be in- 
duced by antigen to synthesize  antibody. 
I wish to thank Professor P. G. H. Gell for critical discussion, and Miss J. Lowe and Mrs. 
D. Davies without whose skilled and painstaking efforts this study could not have been done. 
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EXPLANATION OF PLATE 76 
FIG. 1.  Specific hemolytic plaque-forming  cell.  (a)  Low power  view,  ×  350,  (b) 
radioautograph  of central  cell  in  a  hemolytic  plaque  labeled  with  thymidine-i4C. 
×  1000. THE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL. 127  PLATE  76 
(Harris: Antibody production in vitro. I) 